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ABSTRACT 

Double-peaked Balmer-line profiles originate in the accretion disks of a few percent of optically 
selected AGN. The reasons behind the strong low-ionization line emission from the accretion disks 
of these objects is still uncertain. In this paper, we characterize the X-ray properties of 39 double- 
peaked Balmer line AGN, 29 from the Sloan Digital Sky Survey and 10 low optical-luminosity double- 
peaked emitters from earlier radio-selected samples. We find that the UV-to-X-ray slope of radio-quiet 
(RQ) double-peaked emitters as a class does not differ substantially from that of normal RQ AGN 
with similar UV monochromatic luminosity. The radio- loud (RL) double-peaked emitters, with the 
exception of LINER galaxies, are more luminous in the X-rays than RQ AGN, as has been observed 
for other RL AGN with single-peaked profiles. The X-ray spectral shapes of double-peaked emitters, 
measured by their hardness ratios or power-law photon indices, are also largely consistent with those 
of normal AGN of similar radio-loudness. In practically all cases studied here, external illumination 
of the accretion disk is necessary to produce the Balmer-line emission, as the gravitational energy 
released locally in the disk by viscous stresses is insufficient to produce lines of the observed strength. 
In the Appendix we study the variability of Mrk 926, a double-peaked emitter with several observations 
in the optical and X-ray bands. 

Subject headings: Galaxies: Active: Nuclei, Galaxies: Active: Optical/UV/X-ray, 
Galaxies: Active: Evolution, Methods: Statistical 



1. INTRODUCTION 



A small class of Active Galactic Nuclei (AGN) emit 
broad, double-peaked, low-ionization lines, which most 
likely originate directly from the AGN accretion disk. 
The frequency of double-peaked lines is high (~20%) 
among the radio-loud equivalents of Seyfert galaxies, 
broad-line r adio galaxies (BLRG; lEracleous fc HalpernI 
Il99l 12003]) . and much lower (~3%) among the gen- 
eral population of low -redshift, optically selected AGN 
l)Strateva et all 120031 hereafter S03). The class of 
double-peaked emitters is diverse — it includes both 
radio-loud (RL) and radio-quiet (RQ) AGN with lu- 
minosities ranging from low-luminosity low-ionization 
nuclear emission-line region (LINER) galaxies to low- 
luminosity quasars. The optical spectra of double-peaked 
emitters are sometimes dominated by the featureless con- 
tinuum of the AGN, but in a significant fraction of cases 
starlight from the host galaxy makes a dominant contri- 
bution to the observed optical continuum. The handful 
of double-peaked emission-line BLRG with reliable black- 
hole mass measurements (10 black hole masses measured 
via the Ca II triplet velocity dispersion and the relation 
between stellar velocity dispersion and black-hole mass; 
iLewis k Eracleous! 120061 have 0.4 x 1O 8 M < A/ BH < 
5 x 10 8 Mq and range from low-to-moderate Eddington- 
ratio AGN (10" 5 < L bo i/iEdd < 1CT 1 ). 

A large fraction of the originally studied double-peaked 
emitters were associated with low optical luminosity 
AGN . The Sloan Digital Sky Survey (SDSS, lYork et all 
2000) sample, which increased the number of medium- 
luminosity AGN (see Figure QJ, also showed that the op- 
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Fig. 1. — Redshift vs. 2500 A monochromatic luminosity (cor- 
rected for starlight). The main SDSS double-peaked sample is 
shown with triangles, the S03 sample with small circles, and the 
auxiliary sample with open squares. Open symbols denote the RL 
AGN. The z < 0.4 monochromatic-luminosity histograms for the 
main sample (hatched histogram) and the S03 (open histogram) 
samples are given as an inset, showing no significant difference in 
the two distributions. 



tical luminosity distributions of double-peaked emitters 
and normal AGN at z < 0.3 are not substantially dif- 
ferent. This suggests that the apparent lack of double- 
peaked emitters among the most optically luminous AGN 
is a selection effect related to the rarity of very lumi- 
nous sources and the small volume of space considered 
to date. The large range of Eddington ratios observed 
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in AGN with double-peaked emission lines together with 
their large range of luminosities (which probably trans- 
lates into a large range of Eddington ratios) suggest that 
the existence of strong Balmer-line emission from the ac- 
cretion disks of AGN is either independent of the Ed- 
dington ratio of the source, or that there are different 
explanations for the presence of double-peaked Balmer 
lines in AGN with different Eddington ratios. In addition 
to a large range of Eddington ratios, the known double- 
peaked emitters tend to have broader Balmer lines (~ 5 x 
the full width at half maximum of normal AGN) and 
stronger low-ionization narrow lines (e.g., [O I] 6300A) 
than similar AGN without double-peaked lines. As a 
class, the double-peaked emitters possess a diverse set of 
optical/UV properties but most do not appear remark- 
ably different in their other properties from the general 
AGN population. 

Based on the prototype double-peaked emitter, 
Arp 102B, and the initial sample of double-peaked BLRG 
and LINER galaxies, there were reasons to believe that 
disk emission in AGN is associated with low-luminosity, 
low Eddington-ratio accretion in which the inner parts of 
the accretion disk (less than a few tens of gravitational 
radii, R„) became geometri cally thick and optically thin 
(e.g., iNaravan et al.l Il99 8) . emitting energetic X-rays 
which illuminate the outer (outsi de a few hundred gravi- 
tational radi i ) regio ns of the disk llOnen HalneTrTTlflSflt 
iNagao et all l2fJ0a lEracleous fc Halpernl |2003|) . Since 
most of the initially known double-peaked emitters had 
strong Balmer lines, which could not have been produced 
by the release of gravitational energy locally without in- 
voking an unrealistic radiative efficiency, the X-ray il- 
lumination from the thick inner disk was necessary to 
produce strong disk-emission signatures. 

The theoretical model presented above remains the 
best explanation for low-ionization broad-line disk emis- 
sion in low-luminosity, low Eddington-ratio AGN. In its 
original form, however, it is not applicable to higher 
Eddington-ratio (and luminosity) double-peaked emit- 
ters. As the Eddington ratio and luminosity of the AGN 
increases, the structure of the inner disk and the illu- 
mination pattern of the outer disk change. In addi- 
tion, line-driven winds could become important, filling- 
in the low-velocity minima of the double-peaked emis- 
sion l ines until the profiles are effectively single peaked 
Ce.g.. iMurrav k, Chianglll997t iProga et al.ll2000^l . If we 
can establish clearly the need for external illumination 
in higher luminosity (and presumably Eddington ratio) 
sources, we can revise the theoretical picture of their cen- 
tral regions by exploring evidence for the presence of a 
different kind of disk-illuminating structure — for ex- 
ample — a "flared" disk, a scattering corona, vertically 
extended wind, or a radiation supported torus. 

In search of clues that might reveal the mechanism 
responsible for the existence of double-peaked Balmer 
lines in AGN, we decided to study in more detail the 
0.5-10 keV X-ray properties of this class. If additional 
illumination is necessary to produce significant disk line- 
emission signatures in AGN, their high-energy emission 
and their overall spectral energy distributions might be 
exp ected to dif f er fro m those of single-peaked AGN. S03 
and lWu fc Liul l)200^ calculated the UV-to-X -ray slopes 
(a ox ) of double-peaked emitters with ROSAT All Sky 



Survey (RASS, IVogesI IT993(1 detections and concluded 
that they do not differ strongly from those of other 
AGN. These rough comparisons, however, included only 
X-ray detected subsamples of double-peaked emitters, 
which are not representative of the full double-peaked 
Sloan Digital Sky Survey sample and the general double- 
peaked line population. They also did not take into ac- 
count the dependence of a y on AGN luminosity (e.g., 
IStrateva et abll2f?)5T ISteffen et a,l . 

In this paper we present a detailed investigation of 
the X-ray properties (soft X-ray luminosities, UV-to-X- 
ray slopes, X-ray power-law photon indices, and X-ray 
absorption whenever available) of a sample of double- 
peaked emitters screndipitously included in pointed 
ROSAT, XMM-Newton, and Chandra observations. The 
paper is organized as follows: the sample of double- 
peaked emitters with X-ray observations is presented in 
§ [3 followed by the study of their UV-to-X -ray slopes 
and X-ray spectral shapes in § § E] discusses the ev- 
idence for external illumination, followed by the sum- 
mary and conclusions in § EI I n t ne Appendix we com- 
ment on the variability of Mrk926, a double-peaked 
emitter from our sample with several optical and X- 
ray observations. Throughout this work we use the 
Wilkinson Mi crowave Aniso t ropy P robe cosmology pa- 
rameters from S per gel et alJ l)2003f ) to compute the lu- 
minosities of AGN: J7a = 0.73, flat cosmology, with 
J ff =72kms- 1 Mpc- 1 . 

2. SAMPLE SELECTION 

Our sample consists of 29 double-peaked emitters se- 
lected from the SDSS and serendipitously observed or 
previously targeted by ROSAT, XMM-Newton, or Chan- 
dra (hereafter the main sample). We add to this sample 
10 BLRG, LINER galaxies, and RL quasars with good 
UV and X-ray observations (hereafter the auxiliary sam- 
ple). A total of 16 of the 39 double-peaked emitters are 
RL (6 main-sample objects and 10 auxiliary sample ob- 
jects), and the remaining 23 (main-sample objects) are 
RQ. 

2.1. The Main Sample of Double-Peaked Emitters 

In order to increase the number of SDSS double-peaked 
emitters with sensitive X-ray observations, we start with 
a sample of SDSS AGN 3 with z < 0.4 (which guarantees 
that the Ha line is observed) sele cted from Data Re- 
lease 3 (TJR3. lAbazaiian et al . 2005) which fall in pointed 
ROSAT, XMM-Newton, or Chandra observations that 
are publicly available. The effective exposure times (i.e., 
after accounting for the off-axis angle, X-ray background 
flares, etc.) of these observations are all > Iks and are 
> 2 ks for 80% of the objects; the median exposure time 
is 4.2 ks. Using SDSS-RASS matches would have sub- 
stantially increased our sample size but decreased our 
detection fraction and the total X-ray counts of detected 
objects (limiting our ability to extract X-ray spectral in- 
formation). Using only the S03 double-peaked emitter 
sample, which was selected from SDSS observations per- 
formed prior to March 2003, would have decreased the 

3 Here the term AGN is not restricted to repre sent the SDSS 
quasar sample presented by Schneide r et alJ 120051) : it stands for 
all objects showing broad Balmer lines, including those originally 
targeted as galaxies by the SDSS. 
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number of sources, thus weakening the significance of our 
statistical inferences. 

Since the double-peaked emitters are a subsample of 
the asymmetric broad-line AGN (see S03 for more de- 
tails), we start by selecting a subsample of the SDSS 
AGN with ROSAT, XMM-Newton, or Chandra observa- 
tions and asymmetric broad Ha emission lines. We fit 
the Ha line region of each spectrum 4 with a combination 
of Gaussians. These Gaussian representations of the Ha 
line region allow us to isolate the broad Ha line compo- 
nent (excluding the narrow Ha, [N II], and [S II] lines) 
and to select the AGN with double-peaked broad lines. 
In addition, obtaining a smooth representation of the 
broad Ha line component allows easy measurement of a 
set of model- independent parameters: (1) the rest-frame 
full width at half maximum, FWHM, (2) the rest-frame 
full width at quarter maximum, FWQM, (3,4) the cen- 
troids of the line at half and quarter maximum, FWHMc 
and FWQMc (measured with respect to the rest-frame 
narrow Ha line), (5,6) the rest wavelengths of the red 
and blue peaks with respect to the narrow Ha line, Xs. e d 
and Asiuej and (7) the peak separation, Artd — Aeiue- 
More details on the broad-line parameter measurements 
and the double-peak selection criteria can be found in 
§3.2 of S03; the Ha line measurements for the selected 
objects are reported in Tabled Eight of the resulting 29 
main-sample double-peaked emitters are part of the S03 
sample. For consistency with the rest of the sample, we 
used the newest SDSS spectroscopic reductions currently 
available and obtained new Ha-line parameter measure- 
ments for these eight objects. The results are consistent 
with those reported in the S03 paper, within the errors 
quoted in Table 4 of S03. The Ha-line luminosities of the 
eight new reductions were found to be slightly higher on 
the average (by ~20%). 

Of the 29 SDSS AGN with double-peaked lines, 22 
were observed by the ROSAT PSPC only, five by XMM- 
Newton, and two by Chandra, as shown in Table ^ 
Whenever hard-band (above 2keV) observations were 
available for double-peaked emitters in ROSAT PSPC 
fields (3 cases with both XMM-Newton and ROSAT 
data), we used the XMM-Newton data. If both XMM- 
Newton and Chandra data were available, we chose the 
observation with the larger number of photons, and 
compare the results from the two observatories. Four 
SDSS double-peaked emitters have been observed re- 
peatedly with various X-ray satellites (see the top por- 
tion of Table ; we use all the available X-ray data for 
the best example, SDSSJ 2304-0841, to study variabil- 
ity in Appendix E] Five of the X-ray observed double- 
peaked emitters have sufficient counts (100-24000 in the 
2-10 keV band) to allow fitting of their X-ray spectra. 
Three of the objects observed by ROSAT are not de- 
tected in the soft (0.5-2 keV) band; for these three we 
derive (3<r) upper limits to the soft-band fluxes. 

Four of the objects observed with ROSAT were the 
targets of their respective PSPC observations (see the 
top panel of Tabled]). Four additional objects, for which 
X-ray spectra are available, were also the targets of their 
respective observations (see the bottom panel of Table^). 

4 The sp ectra were de composed into AGN and starlight compo- 
nents first (Vandcn Berk ct al. 2006), and both the starlight and a 
power-law representation of the AGN continuum were subtracted. 



°< 

o 0.8 
o 
i^ 
m 

° 0.6 



RL/RQ main sample 
RL/RQ S03 sample 



0.4 



0.2 




Starlight fraction 



_1_ 



28 29 30 31 

,2500 A 

[ergs/s/Hz]) 

Fig. 2. — Monochromatic luminosity at 2500 A vs. starlight 
fraction. Symbols are as in Figure^ The two histograms show the 
distribution of starlight fractions for the main and S03 samples. 



A large fraction of targeted observations could have bi- 
ased the sample of X-ray observed double-peaked emit- 
ters; § 12.21 below demonstrates that this is not the case 
for our sample. 

2.2. Main Sample Properties 

In this section we show the basic properties of the 
main sample of double-peaked emitters studied here. We 
demonstrate that the main sample is representative of 
the sample of SDSS double-peaked emitters by perform- 
ing a series of one- and two-dimensional statistical com- 
parisons with the SDSS sample from S03 (hereafter, the 
S03 sample 5 ). We use Kolmogorov-Smirnov (K-S) tests 
which measure the maximum distance, D, between two 
cumulative distributions, and compute the null hypoth- 
esis probability that the data sets are drawn from the 
same distribution, P. Small values of D and large values 
of P indicate that the observed data are highly probable 
given the null hypothesis; we will consider this sufficient 
evidence that the X-ray observed AGN are representa- 
tive of the S03 sample. For more details on the "two- 
dimensional K-S test", see iPeacockl i|1983j) . 

2.2.1. Monochromatic Luminosity and Redshift 
Distributions 

Using the starlight-subtracted monochromatic flux 
measurement at a rest- frame wavelength of 3700 A (the 
bluest wavelength observed for all SDSS AGN, irrespec- 
tive of their redshift), we can estimate the monochro- 
matic flux at rest-frame 2500 A, which is a convenient 
measure of brightness commonly used, for example, to 
compute the UV-to- X-ray index. We assumed that the 
optical/UV flux is a power-law function of wavelength 
in the 2500-3700 A region (fx oc A" A ) with an index of 

5 We exclude the three z as 0.6 S03 double-peaked emitters from 
the quantitative comparisons presented here, since they lie outside 
the standard Ha selection region and were included in the S03 
sample after being discovered serendipitously. See S03 for more 
details. 
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TABLE 1 

Main Sample: Ha-LiNE Measurements and 0.5-2 keV Luminosities 



Object 




z 




^0.5-2keV 


FWQM 


FWQMc 


FWHM 


FWHMc 


A Rcd 


A Bluc 


(1) 




(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


00431 9 75+0051 15 3 





.3081 


17 


180 


14600 


10 


11900 


—210 


3200 


—3400 


00^700 03~ui446io 3 


Q 


1722 


35 


240 


12900 


1230 


9570 


1010 


2300 


— 1010 


0994.17 17—009^40 3 


o 


3115 


12 


84 


9800 


90 


7160 


270 


1860 


—240 


081 329 294-483427 





.2737 


10 


90 


11800 


— 190 


8610 


—530 


1350 


— 1970 


001 £98 604- M 3039 1 


o 


1854 


6 2 


8 2 


6350 


—20 


4820 


—70 


560 


—940 


0091 OS 634-4^38^7 4 


0. 


.1744 


1.5 


87 


17120 


—3520 


9270 


— 1320 


130 


—3590 


092813 25+052622 5 





.1874 


4.3 


18 


13800 


690 


9660 


920 


3180 


1200 


093844 464-00571 5 8 


0. 


.1704 


31 


37 


11900 


230 


8250 


—40 


2820 


—580 


00491 ^ 1 34-00001 ^ 8 


o 


2126 


\\ 


18 


42700 


4380 


^6Qno 


3020 


20100 


— 12400 


00474^ 1 ^4-079^90 6 


o 


0858 


5 2 


3 1 


15400 


—980 


9190 


—240 


— 770 


—6630 


00^497 614-48^638 1 





.2481 


4.5 


25 


15100 


380 


8520 


—500 


6150 


—2460 


00^809 844-400311 1 


o 


2416 


4 g 


■ 


7800 


90 


5760 


— 100 


640 


— 1000 


104139 78 — 00^0^7 ^ 


o 


3029 


9 6 


120 


10600 


1000 


7340 


1180 


1020 


— 1290 


110100 ^84-^19907 1 





.2521 


4.2 


22 


12000 


420 


9260 


420 


1960 


—620 


111191 71 4-489046 

_L J_ _1_ _L J. . ( _L ^^'rtO^UrtU. L/ 


Q 


2809 


10 


31 




710 


18800 


260 


6670 


—3980 


1 1 3450 994-491 208 


0. 


.1765 


1.6 


2.6 


9850 


— 190 


6530 


—280 


— 110 


— 1960 


1 1 44^4 864-^60938 9 


o 


2310 


3 


29 


10900 


970 


8310 


670 


3470 


— 1000 


114710 994-0033^1 9 


o 


2624 


7 1 




9170 


— 160 


6830 


— 160 


1500 


— 1380 


115038.86+020854.2 


0. 


.1095 


0.41 


3.1 


8950 


270 


7080 


-40 


320 


-2100 


115741.94-032106.1 





.2195 


3.1 


<7.3 


11600 


-170 


8890 


-50 


1920 


-1670 


120848.82+101342.6 





.1158 


0.62 


21 


9450 


-10 


7350 


330 


2410 


-150 


130723.13+532318.9 





.3231 


8.0 


110 


10200 


-120 


7990 


-170 


1950 


-1950 


132355.69+652233.0 


0. 


.2261 


1.6 


5.8 


7610 


100 


5720 


460 


2910 


-40 


144302.76+520137.2 





.1412 


3.2 


73 


9170 


-70 


5830 


-470 


3280 


-520 


161742.53+322234.3 





.1500 


12 


6.2 


23300 


1150 


19600 


840 


7400 


-5490 


164031.86+373437.2 


0. 


.2796 


3.1 


56 


6790 


-400 


4970 


-800 


-10 


-2030 


170102.29+340400.6 


0. 


.0946 


3.0 


8.0 


7910 


-260 


5800 


-450 


-90 


-1760 


213338.42+101923.6 





.1257 


1.4 


<2.2 


10400 


280 


7970 


30 


2270 


-1980 


230443.47-084108.6 


0. 


.0469 


4.8 


85 


11400 


-1210 


8790 


-970 


1560 


-1620 



Note. — (1) the SDSS name given in the J2000 epoch RA and Dec form, HHMMSS.ss+DDMMSS.s; (2) 
redshift; (3) Ha line luminosity in units of 10 42 ergs -1 ; (4) rest-frame 0.5— 2keV luminosity in units of 10 42 ergs -1 , 
estimated from the observed 0.5— 2keV band for the 22 ROSAT objects (assuming T = 2) and estimated from 
the spectral fits for the 7 XMM-Newton and Chandra observed objects, including corrections for any intrinsic 
absorption; (5) the FWQM of the Ha line, in kms -1 ; (6) the FWQM centroid in kms -1 ; (7) the FWHM of the 
Ha line, in kms -1 ; (8) the FWHM centroid in kms -1 ; (9) the position of the red peak, Aj^ e( j, with respect to 
the narrow Ha line, in kms -1 ; (10) the position of the blue peak, Ag] ue , with respect to the narrow Ha line, in 
kms -1 . Positive velocities denote a redshift. 



a x = -1.5 ijVanden Berk et all 12001). Figure □ shows 
the redshift vs. log of the 2500 A monochromatic lu- 
minosity (/ 250 oA = ^g[L 2bmk (e.vgcm- 2 s^Hz^ 1 )]) dia- 
gram for the main SDSS and auxiliary double-peaked 
samples in comparison to the S03 sample. The corre- 
lation between redshift and luminosity in flux-limited 
samples is obvious for both the S03 and the main sam- 
ples; in addition, the double-peaked emitters from the 
main sample follow the luminosity-redshift trend of the 
S03 sample. As shown in the inset histograms in Fig- 
ure ^ t he monochromatic luminosities of the main and 
S03 samples are indistinguishable, which is confirmed 
by a one-dimensional K-S test (D = 0.15, P = 65%). 
The redshift distribution of the main sample of double- 
peaked emitters is also similar to that of the S03 sample 
(D = 0.17, P = 47%). The two-dimensional (luminosity- 
redshift) K-S test gives a similar result, with D = 0.17 
and P = 57%. These results remain qualitatively the 
same if we repeat the test for the RQ subsamples. 

There are six RL AGN out of a total of 29 AGN (21%) 
in the main SDSS double-peaked sample, compared to 
15 out of 113 (13%) in the similar-redshift (z < 0.4) S03 
sample. A Fisher exact test confirms that the difference 
is not statistically significant, with a chance probability 
of 38%. A careful examination of Figure reveals that 



five of the six RL objects in our main sample occupy the 
lowest redshift and UV luminosity corner of the diagram. 
Performing a two-dimensional K-S test for the RL sub- 
samples of the main and S03 samples returns D — 0.47 
and P = 23%. The distance between the RL distribu- 
tions is substantial, but not statistically significant. 

2.2.2. Starlight Fraction 

Figure El shows the starlight fractions (measured at 
rest-frame 3700 A) of the main-sample double-peaked 
emitters in comparison with those of the S03 sample. As 
a class, RL double-peaked emitters were found to have 
larger starlight contributions to the continuum around 
Ha than other RL AGN. A one-dimensional K-S test 
returns a small distance (D = 0.15) which is not sta- 
tistically significant (P — 63%). A two-dimensional 
(starlight fraction-luminosity) K-S test returns a larger 
distance (D = 0.28) which is also not statistically signif- 
icant (P = 9%). 

2.2.3. Model- Independent Line Measurements 

In addition to luminosity, redshift, and starlight- 
fraction distribution comparisons, we also compare the 
Ha line profiles of the main-sample AGN with those of 
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TABLE 2 
X-ray Observations 



Object 


Observatory 


ObsID 


Instrument 


ObsDate 


te 


Comments 


(i) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


022417.17—092549.3 


HO SAT 


rp800016n00 


PSPC 


18/01/92 


13.6 




081329.29+483427.9 




rp700249n00 


PSPC 


01/04/91 


6.5 




092108.63+453857. 4 


HOSA1 


rp700539n00 


PSPC 


no I r\K /nn 

03/05/92 


1.3 


Target 


092813.25+052622.5 


HO SAT 


rp200466n00 


PSPC 


12/05/92 


3.7 




uyizio.ioTuyuuio.o 


JXL/0-/1 1 


I poUU'iO IIIL/U 




AQ /I 1 /QQ 


j Y 




094745. 15+072520. 6 


HUo A 1 


rp701587n00 


PSPC 


r\ a 1 1 "i /no 

04/11/93 


11.0 


Target 


095427.61+485638. 1 


Ti /o ci -i m 


rp700046n00 


PSPC 


13/04/91 


3.5 




095802.84+490311.1 




rp700150a02 


PSPC 


on /"in /no 

20/10/93 


1.9 




104132.78—005057.5 


HOb AT 


rp800194n00 


PSPC 


04/06/92 


7.2 






IX \_J O-ta 1 


IIZU-LOO / I1UU 


pepp 


9Q /1 1 /Q9 


2 1 




1"! A A f A O/ 1 1 r~ /"> n o o o n 

114454.86+560238.2 


Ti /~\ CI /I T~l 

KOMI 


rp800106n00 


PSPC 


"in/11 /m 

19/11/91 


4.9 




114/ iy.ZZ+OOoool.2 


HUo A 1 


rpz0124zn00 




no /nc /no 
23/0b/y2 


5.8 




115038.86+020854.2 


Ti /~\ CI ^ T> 

KOMI 


onno "i o n o 

rp200813n00 


PSPC 


nn / / 1 / 1 /nn 

02/06/92 


7.7 




115741.94—032106.1 


HUbAl 


rp201367n00 


PSPC 


n'? /nT /nn 

07/07/92 


3.3 




120848.82+101342.6 


HUbAl 


rp700079a01 


PSPC 


no 1 r\c /nn 

03/06/92 


3.0 




130723.13+532318.9 


ROSAT 


rp300394n00 


PSPC 


10/11/93 


12.0 




132355.69+652233.0 


ROSAT 


rp700803n00 


PSPC 


30/11/92 


8.4 




144302.76+520137.2 


ROSAT 


rp701408n00 


PSPC 


13/07/93 


6.8 


Target 


161742.53+322234.3 


ROSAT 


rp701589n00 


PSPC 


18/08/93 


10.1 


3C 332, Target 


164031.86+373437.2 


ROSAT 


rp800503n00 


PSPC 


31/07/93 


5.2 




170102.29+340400.6 


ROSAT 


rp201079n00 


PSPC 


02/09/92 


6.4 




213338.42+101923.6 


ROSAT 


rp701252n00 


PSPC 


29/05/93 


18.6 




004319.75+005115.3 


XMM- Newto n 


0090070201 


PN/MOS 


04/01/02 


16.3 


UM 269, Target 




ASCA 


75020000 


GIS/SIS 


13/07/97 


31.8 


UM 269, Target 




ROSAT 


rp700377 


PSPC 


30/12/91 


5.1 


UM 269 


005709.93+144610.3 


ChandvcL 


00865N002 


ACIS-S7 


28/07/00 


1.7 


Target, pilccd-up 


091828.60+513932.1 


XMM- Newto n 


0084230601 


PN/MOS 


26/04/01 


16.0 






ChciTldTCL 


00533N001 


ACIS-I1 


05/09/00 


11.3 




093844.46+005715.8 


Chcifidvci 


04035N001 


ASIS-S2 


02/01/03 


1.4 


Target 


111121 71 -1-482046 


XMM- N pinion 


01 04861 001 


PN/MOS 

A A \ I IVlVykJ 


01 /06/02 


27.4 






XMM- Npminn 


0059750401 


PN/MOS 


26/04/02 


29.2* 


flflrino' nnrto'r'nii ti ri 




ROSAT 


rp700297n00 


PSPC 


15/05/92 


3.1 




113450.99+491208.9 


XMM-Newton 


0149900201 


PN/MOS 


24/11/03 


17.9 




230443.47-084108.6 


XMM-Newton 


0109130701 


PN/MOS 


01/12/00 


7.3 


MCG-2-58-22, Mrk926, Target 




ASCA 


75049010 


GIS/SIS 


15/12/97 


102.7 


MCG- 2-58-22, Mrk926, Target 




ASCA 


75049000 


GIS/SIS 


01/06/97 


104.9 


MCG-2-58-22, Mrk926, Target 




ASCA 


70004000 


GIS/SIS 


25/05/93 


85.6 


MCG-2-58-22, Mrk926, Target 




ROSAT 


rp701364 


PSPC 


01/12/93 


2.16 


MCG-2-58-22, Mrk926 




ROSAT 


rp700998 


PSPC 


24/05/93 


10.2 


MCG-2-58-22, Mrk926 




ROSAT 


rp701250 


PSPC 


21/05/93 


18.1 


MCG-2-58-22, Mrk926 




ROSAT 


rp700107 


PSPC 


21/11/91 


3.37 


MCG-2-58-22, Mrk926 




ROSAT 


rs931862 


PSPC 


21/11/90 


0.314 


MCG-2-58-22, Mrk926 




ROSAT 


rs931962 


PSPC 


18/11/90 


0.314 


MCG-2-58-22, Mrk926 



Note. — (1) SDSS name given in the J2000 epoch RA and Dec form, HHMMSS.ss+DDMMSS.s; (2) Observatory name; 
(3) Observation ID; (4) Instrument; (5) Date of the observation in a dd/mm/yy format; (6) Effective exposure time, texp, 
in ks, except in the case of the second SDSSJ 111121.71+482046.0 XMM-Newton exposure (denoted by *); this exposure 
is fully flared and the quoted texp includes the time lost due to flaring; (7) Alternative names and comments. 



S03, using the broad-line parameter measurements de- 
scribed in S I2.1I Figure shows the distribution of peak 
separations vs. FWQM measurements for the main and 
S03 samples. As described in §6 of S03, the peak separa- 
tion is largely determined by the outer radius of the disk 
emission region for axisymmetric disks, while the FWQM 
is determined by the disk inclination and inner radius of 
emission. Quantitative comparison of the two samples 
using a two-dimensional K-S test shows no evidence that 
the two samples are significantly different (with D = 0.18 
and P = 54%). 

Figure^shows binned distributions of the FWQM and 
the FWQM centroid for the main and S03 samples of 
double-peaked emitters (as in Fig. 10 of S03, the his- 
tograms of the parent sample of all AGN with z < 0.3 
are also shown). In both cases a one-dimensional K- 



S test suggests that the (unbinned) distributions of the 
main and S03 samples of double-peaked emitters are in- 
distinguishable (DRi0.11,P« 90%). 

2.2.4. Axisymmetric Model Disk Fits 

We attempted to fit all the X-ray observed SDSS 
AGN with double-pe aked lines with an axi symmetric 
disk-emission model (jChen fc HalperrJ fl989). Six of 
the 29 AGN (~17%) allow acceptable axisymmetric 
disk fits (i.e. we reject fits with correlated residuals), 
two of which are shown in Figure The emission- 
region parameters for these six objects are given in Ta- 
ble □ Two double-peaked emitters, SDSSJ 0918+5139 
and SDSSJ 1134+4912, with ^ = 100 R G in Tabled 
have poorly constrained inner radii; the only evidence 
for a small inner radius in these AGN comes from an ex- 
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TABLE 3 

AXISYMMETRIC DISK FITS 



Object 


i" 


q 


Ci 


6 


a 






(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


091828.60+513932.1 


25 


2 


100 


9150 


495 


3.0E-4 


5.5 


111121.71+482046.0 


36 


3 


190 


2200 


2000 


6.5 


3.2 


113450.99+491208.9 


32 


2 


100 


5530 


620 


1.1E-4 


1.6 


114454.86+560238.2 


16 


3 


210 


2190 


980 


3.3 


1.5 


115741.94-032106.1 


26 


2 


230 


3450 


900 


6.7E-3 


1.9 


130723.13+532318.9 


27 


2 


330 


4260 


760 


6.6E-3 


1.7 



Note. — Axisymmetric disk fits following Chen & Halpcrn (1989). 
The inclination (col. 2) is in degrees; the illumination power-law slope, 
q (3); the inner (4) and outer (5) radii are in gravitational radii (Rg)', 
the turbulent velocity (6) is in kms ; the flux-density normalization 
(7) is in units of 10 -17 ergem -2 s _1 A -1 ; the Ho line flux (8) is in 
units of 10 — 14 erg cm -2 s" 1 . 
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Fig. 3. — Broad Ha line parameter comparison: peak separation 
vs. FWQM for the main-sample double-peaked emitters (large 
open/solid triangles with error bars for RL/RQ AGN) and the S03 
sample (solid circles). The error bars (which include uncertainties 
due to both measurement error and variability) were estimated to 
be ~5% for the FWQM measurements and as much as 50% for the 
peak-separation measurements by S03. 




10 4 2x10* -2000 2000 
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Fig. 4. — Comparison between the distributions of the Ha 
FWQM (left) and the FWQM centroid (right) for the X-ray ob- 
served SDSS AGN (top histograms), the S03 sample (middle his- 
tograms), and the parent sample of all SDSS AGN with z < 0.3 
from S03 (bottom histograms). The solid histograms in the top 
and middle row give the contribution of RL double-peaked emitters 
from the main and S03 samples, respectively; the arrows indicate 
four main sample double-peaked emitters with values outside the 
displayed range. 



tended blueshifted tail of the relatively narrow Ha lines, 
whose existence is strongly dependent on the continuum 
subtraction. Overall, the parameters listed in Table Q 
cover the same ranges as those found by S03 and Strat- 
eva et al. (2006, in preparation) for the subsample of S03 
AGN which allow axisymmetric disk fits. The fraction of 
double-peaked emitters with Ha line profiles consistent 
with emission from an axisymmetric disk is also similar 
to that found for the S03 sample Strateva et al. (2006, 
in preparation). 

We conclude that the objects in our main sample are 
representative of the S03 sample in their luminosity, red- 
shift, host-starlight contributions, and broad line-profile 
parameter distributions. 

2.3. Auxiliary Double-Peaked Sample 



In addition to the X-ray observed double-peaked sam- 
ple presented above, we include for comparison purposes 
10 RL AGN — two RL quasars, four BLRG, and four 
LINER galaxies — previously studied in the X-ray band 
(see Table 0. Six of these 10 AGN are part of a re- 
cently concluded program to obtain Hubble Space Tele- 
scope (HST) UV spectra of nearby RL double-peaked 
emitters with high-quality X-ray, optical, and radio ob- 
servations and a large range of X-ray luminosities (Er- 
acleous et al. 2006, in preparation). The remaining 
four are Arp 102B, the prototy pe double-peaked emit - 
ter studied in the X-ray band bv lEracleous et all J2003), 
and three low-luminosity LINER galaxies with archival 
X-ray observations — M81, NGC4203, and NGC4579 
(see Table and associated references) . An additional 



7 



20 



°< 
E 



SDSS J1 144 + 5602 
i = 1 6° q = 3.0 

- f, = 210R G 

- f 2 = 2200 R G 
(j = 980 km/s 



52765 




6200 



6400 



A 



6600 



6800 



20 



■10 



6200 



SDSS J1307+5323 
-j=27° q = 2.0 

£,=330 R G 

f 2 = 4260 R G 

a = 760 km / s 



52707 




6600 

x ,[A] 

restL J 



6800 



Fig. 5. — Example axisymmetric disk-model fits (solid line overlying the spectrum). The residuals, including the narrow Ha and [N II] 
lines, are g iven below, displaced on the flux scale for clarity. The SDSS name, the MJD of the observation, and the disk-model parameters 
(see i|2.2.4l for details) are also given in the top-left corner of each panel. 



BLRG with double-peaked lines from the Eracleous et al. 
sample, 3C332, was independently found in the SDSS- 
ROSAT sample, and is considered a main-sample object 
in this paper. 

Eight of these 10 double-peaked emitters have X-ray 
spectral fits, including estimates of X-ray power-law pho- 
ton indices and absorbing column densities, as well as 
UV-to-X-ray slopes. When multiple X-ray observations 
of an object were available, we used the best observations 
available (longest exposures, coverage up to lOkeV, lack 
of pile-up) . Thus for NGC 4203 we used the photon in- 
dex from the sp ectral fit to the ~ 85 ks ASCA observa- 
tion reported in llvomoto et~a l. (1998) (r = 1.85 ±0.10), 
and the X-ray fluxes and flux ratios obtained from 
the ~ 1.8 ks Chandra observation (T = 1.9 ± 0.3 in 
the 2-10 keV region, assuming no i ntrinsic absorption). 
As noted by llvomoto et alJ l)1998|) . the ASCA obser- 
vation blends the true nuclear flux of NGC 4203 with 
that of another object with the same spectral shape. 
Our more accurate Chandra flux measurement in the 
2-10 keV band agrees to within 20% with the flux es- 
timate of llvomoto et alJ (^998) for the nuclear source 
in NGC 4203, suggesting that the object was in a sim- 
ilar flux state. For NGC 45 79 we used a 20 01 XMM- 
Newton observation (see also lDewangan et al.ll2004^) and 
confirmed that the results did not differ substantially 
from the 1995 ASCA observat ion which was obtaine d 
only 6 months after the UV data lTerashima et alJ l)1998|) . 
iTerashima et all (Jl99S) fit the full ASCA range with 
an absorbed power-law plus a Raymond- Smith model, 
with a photon index of T = 1.72 ± 0.05, absorption 
consistent with the Galactic column, and a 2-10 keV 
flux of 4.3 x 10- 12 ergcm- 2 s _1 . Using the 2001 XMM- 
Newton data we obtain a power-law fit with T = 1.82 ± 
0.03, iVxokeV = 3.8 ± 0.1 x 10- 12 ergcnr- 2 s~\ and 
no intrinsic absorpt ion. NGC 4579 was a lso observed 
by ASCA in 1998 iTerashima et all l2000|) and Chan- 
dra in 2000 l|Eracleous et alJ l2002j) in a higher flux 



state: F 2 -i keV = 5.3 x 10" 12 erg cm" 2 s" 1 (1998) and 
F 2 -w kov = 5.2 x 10- 12 ergcm- 2 s- 1 (2000), as well as 
slightly different 2-10 keV photon index V = 1.81 ± 0.6 
(1998) and T = 1.88 ± 0.03 (2000). For M81 we used a 
2001 XMM-Newton pn observation (ObsID 0111800101, 
54.3 ks) and checked that t he earliest 1993 ASCA obser- 
vation (Ishisak i et alJll996]) . which was closer in time to 
the UV observation, gave similar results - T = 1.81 ±0.02 
and iViokcV = 1.4 x 10~ n erg cm" 2 s" 1 {ASCA) vs. 
T = 1.86 ±0.02 and iViokcV = 1.2 x lO" 11 ergcm" 2 s" 1 
(XMM-Newton; see Table [TJ). 

The UV analyses for the auxiliary objects are pre- 
sented in Eracleous et al. ( 2006, in preparat i on, including 
the co mput ation of ct nif ) , IHo et alJ l)1996|) . iBarth et alJ 
(Till, and IBarth etall (|1996j) . The 3C332 monochro- 
matic flux, measured at 3700 A, was ^40% brighter dur- 
ing the SDSS observation than the earlier HST observa- 
tion. Since Eracleous et al. have a direct 2500 A measure- 
ment, we use it instead of the value inferred by extrap- 
olating the SDSS spectrum. We note that the auxiliary 
sample of double-peaked emitters is not representative of 
the SDSS sample of double-peaked emitters - they are all 
RL, at low redshift, and predominantly low optical/UV 
luminosity sources. 

3. X-RAY PROPERTIES OF THE DOUBLE-PEAKED 
SAMPLE 

The presence of X-ray limits (three main-sample 
double-peaked emitters and 40 Steffen et al. 2006 RQ 
AGN) in optically selected samples requires the use of 
proper statistical tools when making sample compar- 
isons. In this section we u se the Astronomy SURVival 
Analysis package, ASU RV QLaVallev. Isobe. fc Feigelsonl 
Il992t ITsobe et allll986j) . to calculate sample means us- 
ing the Kaplan-Meier (K-M) estimator, as well as a set 
of nonparametric sample-comparison tests for censored 
data — the logrank test, Gehan generalized Wilcoxon 
test, and Peto & Prentice generalized Wilcoxon test (e.g., 



TABLE 4 
Auxiliary Sample 



Object 
(1) 


z 

(2) 


r 

(3) 


£(0.1-2.4 keV) 
(4) 


L(2-10keV) 
(5) 


■^2500 A 
(6) 


aox 
(7) 


^2500 A 
(8) 


Observatory 
(9) 


Reference 
(10) 


Class 
(11) 


NGC 1097 


0.0043 


1.64+0.03 


0.041 


0.00668 


0.150 


-1.22 


25.763 


Chandra 


1 


LINER 


Pictor A 


0.0350 


1.80+0.03 


96 


36.0 


0.340 


-0.80 


27.960 


ASCA 


1 


BLRG 


B2 0742+31 


0.4610 


1.80 fixed 


3200 




0.640 


-1.30 


30.688 


ROSAT 


1 


RL quasar 


PKS 0921-213 


0.0531 


1.74+0.03 


54 


42.5 


0.370 


-1.04 


28.370 


XMM 


1 


BLRG 


M 81 


0.00086 


1.89+0.01 


0.039 


0.0175 


0.310 


-0.91 


24.686 


XMM 


2,3 


LINER 


NGC 4203 


0.00362 


1.85+0.10 


0.0190 


0.0330 


0.036 


-1.02 


24.993 


Chandra, ASCA 


3,4,5 


LINER 


NGC 4579 


0.00507 


1.82+0.03 


0.26 


0.20 


0.059 


-0.82 


25.502 


XMM 


3,6 


LINER 


Arp 102B 


0.0244 


1.58+0.03 


2.8 


15.7 


0.100 


-1.02 


27.108 


ASCA 


1 


BLRG 


PKS 1739+184 


0.1859 


1.80+0.03 


550 




0.790 


-1.25 


29.867 


ROSAT 


1 


RL quasar 


3C 390.3 


0.0555 


1.75+0.03 


150 


139. 


0.330 


-0.87 


28.361 


ASCA 


1 


BLRG 



NOTE. — (1) Object name; (2) R.cdshift; (3) 2-10 kcV power-law slope; (4) 0.1-2.4kcV luminosity in units of 10 42 ergs -1 ; (5) 2-10kcV luminosity in units of 10 42 erg s _ 1 ; (6) 
the 2500 A monochromatic flux in mjy; (7) the UV-to-X-ray index, c x; (8) the logarithm of the 2500A monochromatic luminosity in units of ergs -1 Hz -1 ; (10) References: 1) 
Eracleous et al. sample. 2>l^oe^iW^gfl1 UV spectrum of M 81 3) this work; wc used the ObsID 397 Ch andra observation t o obtain the fluxes and flux ratios (columns 4, 5, and 
7) of NGC 4203 (see alsofH^^^^^mm TTthe ObsID 0111800101 XMM-Newt on observation for M 81 (see also llWe si aUSuBfcl) . an d the ObsID 01128401 01 XMM-Newton observation 
for NGC 4579 (see also ITCSSiirria^t^ lllaOilj^Uj^ a- TlliiOOJl 4) lriart,li el alj IITOU) DV spectrum of NGC 4203 5) Uvomot,o et all lljjUJl 2-10 kcV spectral index of 

NGC 4203. 6) NGC 4579 UV spectrum fronr Trj^rTr^et^dT^^cT rTTTT Optical/radio classification. 



§ III of Feigelson & Nelson 1985 and references therein). 
All three tests give better results if the sample sizes are 
similar and the censoring distributions are equal. The 
Peto & Prentice test is less vulnerable to different cen- 
soring distributions tha n the logrank or Gehan tests (see 
the d is cussion in § 5b of iFeigelson fc Nelsonlll985l lLattal 
Il981|) . iFleming et all l|1980j) develop a modified bmirnov 
test for censored datasets, as the logrank and Gehan 
tests are insensitive in the case of "crossing-hazards al- 
ternatives" (i.e., if the K-M estimator distribution func- 
tions of the different samples are not close to parallel but 
cross over instead); this is relevant when comparing the 
RL double-peaked emitters with the lSteffen et al.1 l)2006D 
sample discussed below. 

3.1. X-ray Properties of the Double- Peaked Emitters 
Observed by ROSAT 

To estimate the UV-to-X-ray spectral index, a ox = 
-0.3838 log[F„(2500 k)/F v (2 keV)], we need a measure 
of the monochromatic flux at rest-frame 2 keV. The ma- 
jority (22) of the objects in our sample have been ob- 
served only in the soft X-ray band (0.1-2.4keV), and 
their spectra have insufficient counts to study their 
spectral shapes in detail. We first obtain 0.5-2 keV 
counts and fluxes, and 2keV monochromatic fluxes (as- 
suming a power-law model with r = 2, modified by 
Galactic absorption for all sources ) follo wing the pro- 
cedure descri b ed in iStrateva et al.l l)2005l) and used by 
iSteffen et all (|2006f) : we list the results in Table □ 
The use of a uniform power-law model to determine 
the rest- frame 2 keV monochromatic luminosity and a ox 
is necessary for th e purp ose of comparison with the 
IStrateva et all l)2005|) and ISteffen et all (|2006j) sources. 
It is also preferable because of the large uncertainties of 
the hardness-ratio-estimated photon indices (which are 
also inadequately constrained for 9 of the 22 ROSAT 
double-peaked emitters and potentially affected by in- 
trinsic absorption as discussed below). 

In addition to the above analysis, we also estimate 
the spectral shape of the i?05j4T-observed main-sample 
AGN using the standard hardness ratio, HR1, defined 
as HR1 = (B - A)/(B + A), where A and B represent 
the total numbers of photons in the 0.11-0.41 keV and 



0.5-2 keV bands, respectively. Assuming no intrinsic ab- 
sorption above the Galactic value, and spectra well rep- 
resented by a power-law models, we can derive a one- 
to-one relationship between the power-law photon in- 
dex T and HR1. We used PIMMS 6 to create a grid 
of expected HR1 values assuming an absorbed power- 
law model with different input photon indices and ab- 
sorbing Galactic column densities spanning the observed 
range (10 20 cm~ 2 < N H < 5 x 10 20 cm~ 2 ). We found 
cubic polynomial relations between T and HR1 for each 
absorbing column and used these to estimate the pho- 
ton index associated with each observed HR1, Njj pair. 
To estimate the photon-index uncertainties, we propa- 
gated uncertainties of the count rates in the 0.5-2 keV 
and 0.11-0.41keV ROSAT band s using the method de- 
scribed in §1.7.3 of iLvona {1991). The results are given 
in Tabled The three double-peaked emitters, which are 
undetected in the 0.5-2 keV band, have no HR1 pho- 
ton index estimates. Six of the remaining 19 double- 
peaked emitters detected by ROSAT were detected in 
the 0.5-2 keV band only; for these we can estimate only 
an HR1 lower limit and a corresponding upper limit on 
the power- law slope T. Any intrinsic absorption in ex- 
cess of Galactic will translate into an underestimate of 
the true value of T. This fact is of particular significance 
for the six double-peaked emitters without 0.11-0.41 keV 
detections, since the upper-limit values of T reported in 
TableQ]could be un deres timated, rendering them useless 
for comparison. In § 13.41 we point out that this could in- 
deed be the case for a fraction of the AGN in the current 
sample. 

3.2. X-ray Properties of the Double-Peaked Emitters 
Observed by XMM-Newton and Chandra 

For the seven main-sample double-peaked emitters 
with hard-band coverage we were able to measure 
the monochromatic flux at 2 keV (rest-frame) directly 
from the spectrum and report the corresponding 2 keV 
monochromatic luminosities, together with their UV-to- 
X-ray indices in Table These 2 keV measurements 
might be underestimates of the true values if intrinsic ab- 

6 http: / /hcasarc. gsfc.nasa.gov/docs/software/tools/pimms. html 
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TABLE 5 

X-ray Properties of the ROSAT Subsample 



Object 


z 


Count Rate 


Counts 


N„ 


F(0.5-2keV) 


l 2keV 


^2500 A 
(8) 


«ox 


r 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(9) 


(10) 


(11) 


022417.17-092549.3 


0.3120 


0.02240 


232 


2.91 


2.78 


26.10 


29.45 


-1.29 


2.6+°l 

w — 0.1 


<0.7 


081 329 294-483427 9 


0.2740 


03080 


133 


4.58 


4.03 


26.13 


29.29 


— 1.21 


2 0+ - 4 
z - u -0.4 


<0.6 


uyzlUo.0o-t-40ooD ( .4 


U. 1 1 4U 


U.uyU/U 




l.DX 




9fi 1 1 


92 A K 


n on 


i n+ 01 
i - u -o.i 


1 o 
l.U 


092813.25+052622.5 


0.1870 


0.01460 


38 


3.76 


1.86 


25.42 


28.57 


— 1.21 


, 9 O+0.3 
<2.8_ 7 


<0.6 


094215.13+090015.8 


0.2130 


0.01120 


11 


3.10 


1.40 


25.42 


29.36 


-1.51 


< 2 -3Io'.4 


<0.4 


094745.15+072520.6 


0.0860 


0.01420 


152 


3.01 


1.77 


24.66 


28.39 


-1.43 


'-■"-0.2 


3.2 


095427.61+485638.1 


0.2480 


0.01200 


26 


0.98 


1.40 


25.57 


28.97 


-1.30 


1 6 +0 ' 5 
l -°-0.5 


<0.9 


095802.84+490311.1 


0.2420 


0.01580 


20 


0.94 


1.33 


25.67 


29.04 


-1.29 


9 ctu.o 
z -°-0.7 


<0.7 


104132.78-005057.5 


0.3030 


0.03340 


142 


4.44 


4.34 


26.26 


29.29 


-1.16 


9 A+0- 4 
z - 4 -0.4 


<0.6 


110109.58+512207.1 


0.2520 


0.01010 


12 


1.09 


1.19 


25.52 


29.17 


-1.40 


_i_n ^ 


<0.9 


114454.86+560238.2 


0.2310 


0.01610 


47 


1.10 


1.89 


25.63 


28.79 


-1.21 


z -°-0.3 


<0.7 


114719.22+003351.2 


0.2620 


0.00420 


<16 


2.28 


<0.51 


<25.19 


29.16 


<-1.52 


<1.1 


115038.86+020854.2 


0.1090 


0.00870 


44 


2.17 


1.06 


24.67 


27.59 


-1.12 


<r1 6 + 

*~ L - D — 0.3 


<0.7 


115741.94-032106.1 


0.2200 


0.00440 


<11 


2.32 


<0.54 


<25.03 


29.06 


<-1.54 


<0.6 


120848.82+101342.6 


0.1160 


0.05370 


86 


1.67 


6.43 


25.50 


27.94 


-0.94 


9 q+0.1 
z '°— 0.1 


<0.4 


130723.13+532318.9 


0.3230 


0.02700 


241 


1.46 


3.21 


26.20 


29.40 


-1.23 


2 1+ 01 

z - i -o.i 


<1.0 


132355.69+652233.0 


0.2260 


0.00330 


16 


2.01 


0.39 


24.93 


28.65 


-1.43 


<2 4 +0.3 
^ z -4_0.4 


<1.1 


144302.76+520137.2 


0.1410 


0.12040 


787 


1.63 


14.38 


26.04 


28.44 


-0.92 


i 7 +0.l 


3.6 


161742.53+322234.3 


0.1510 


0.00870 


84 


2.02 


1.05 


24.96 


28.96 


-1.53 


< " L,Z — 0.3 


3.3 


164031.86+373437.2 


0.2800 


0.02010 


60 


1.32 


2.38 


25.92 


28.74 


-1.08 


9 9+0.2 
z '°-0.2 


<1.1 


170102.29+340400.6 


0.0950 


0.03100 


140 


2.06 


3.75 


25.08 


28.24 


-1.21 


1 o+o-i 

J - 1 '— 0.1 


<0.3 


213338.42+101923.6 


0.1260 


0.00420 


<16 


4.83 


<0.55 


<24.51 


28.36 


<-1.48 


<0.9 



NOTE. — (1) the SDSS name given in the J2000 epoch RA and Dec form, HHMMSS.sa ±DDMMSS .S; (2) rcdshift; (3) PSPC 0.5-2 koV count rate, in counts 
per second; (4) total counts in the 0.5-2 kcV band; (5) Galactic absorbing column, in units of 10 20 cm~ 2 ; (6) flux in the 0.5-2 kcV band (assuming a power- 
law spectrum with T = 2), corrected for Galactic absorption, in units of 10~ 13 erg cm - 2 s — 1 ; (7) the logarithm of the 2 keV monochromatic luminosity in 
units of ergs -1 Hz -1 ; (8) the logarithm of the 2500 A monochromatic luminosity in units of ergs' 1 Hz -1 ; (9) the UV-to-X-ray spectral index, n ox : (10) 
the hardness-ratio estimate of the spectral slope, V; (11) R is the radio-loudness indicator, R = log(FT 4GHz/ F i)> where F i is the SDSS i-band flux and 
R > 1 is considered radio loud. 



sorption above 10 22 cm~ 2 (assuming z w 0.2) is present. 
In the analysis of individual objects below, we show that 
this is probably the case for only two of the XMM-Newton 
or Chandra observed objects and we correct the 2keV 
measurements accordingly. 

Five of the double-peaked emitters have sufficient 
counts to obtain absorbed power-law fits using XSPEC. 7 
For the remaining two objects we attempt to constrain 
the intrinsic absorption assuming a standard power-law 
photon index. In all cases we include the Galactic ab- 
sorption in the model fits. The results of the analysis for 
all seven double-peaked emitters with hard-band X-ray 
detections are presented below. 

3.2.1. SDSSJ 0043+ 0051 (UM269) 

SDSSJ 0043+0051 (z = 0.3081) has been observed by 
XMM-Newton, ASCA, and ROSAT (see Tabled). The 
XMM-Newton spectral fits were published by Page et al. 
( 2004a); we confirm their results: the observed 2-10 keV 
spectrum can be represented by a power law with 
photon index T = 1.70 ± 0.06 and Galactic absorp- 
tion {x 2 /DoF = 0.9 for 79 DoF, EPIC pn fit). The 
0.5-10 keV spectrum and fit are shown in FigureEJ When 
this model is extended to lower energies, a soft-excess is 
detected. There is no evidence of Fe Ko emission; for a 
line centered at 6.4 keV with a width of 10 eV, we obtain 
an upper limit of 180 eV for the equivalent width (EW) at 

7 http:/ /heasarc. gsfc.nasa.gov/docs/xanadu/xspec/ 



90% confidence (Page et al. 2004 estimate EW< 80keV 
at 90% confidence). For comparison, an ASCA power- 
law fit for a 31 ks observation obtained five years earlier 
(as reported in the Tartarus database at HEASARC 8 ) 
has r = 1.4 ± 0.1, a 60% higher flux in the 2-10 keV 
band, -FViokeV — 1-6 x 10~ 12 ergem -2 s _1 , and no evi- 
dence for Fe Ka emission. 

3.2.2. SDSSJ 0057+ U46 

The observed Chandra ACIS-S count rate per frame 
for SDSSJ 0057+1446 (z = 0.1722) is - 0.57 counts s" 1 
(with frame-time of 0.441s) and is high enough for pho- 
ton pile-up to be important even for an off-axis angle 
of 3.3'. Pile-up is the incidence of two or more X-ray 
photons in one (or more) neighboring CCD pixels within 
one frame time. The CCD electronics may falsely regard 
these events as a single event with an amplitude given by 
the sum of the electron charge, resulting in a decrease of 
the apparent count rate of the source, an artificial hard- 
ening of its spectrum, and the apparent distortion of the 
point-spread function (PSF) of point-like objects. It can 
also alter the photon event grades and lead to a loss of 
events when standard grade filtering is applied to the 
data. 

To account for the effects of pile-up, we initially an- 
alyzed spectra of SDSSJ 0057+1446 from annuli of var- 

8 High Energy Astrophysics Science Archive Research Center, 
http://heasarc.gsfc.nasa.gov/ 
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TABLE 6 

X-ray Properties of the XMM-Newton/ Chandra Subsample 



Object 
(1) 


z 

(2) 


^2500 A 
(3) 


; 2keV 

(4) 


Qox 
(5) 


F(2-10 keV) 
(6) 


r 

(7) 


Fit Range 
(8) 


Model 
(9) 


N H 
(10) 


N H,mtr 
(11) 


Counts 
(12) 


R 

(13) 


0043+0051 


0.3081 


29.76 


26.53 


-1.24 


9.3 


1.70+0.06 


2-10 


PL 


2.31 




1704 


0.8 


0057+1446 


0.1722 


30.03 


26.55 


-1.33 


38.0 


2.2+0.4 


1-10 


PL 


4.37 




403 


<0.0 


0918+5139 


0.1854 


29.18 


25.33 


-1.48 


2.9 


1.4+0.3 


0.4-11 


PAPL 


1.45 


500 ± 100 


243 


<0.3 




0.1854 


29.18 


25.05 


-1.58 


2.0 


1.3+0.4 


0.3-11 


APL 


1.45 


130 ± 60 


145 


<0.3 


0938+0057 


0.1704 


28.95 


25.95 


-1.15 


18.2 


1.5 fixed 


0.3-11 


APL 


4.22 


200 ± 40 


132 


<-0.3 


1111+4820 


0.2809 


29.49 


25.73 


-1.44 


2.6 


1.7+0.2 


2-10 


PL 


1.24 




295 


1.7 


1134+4912 


0.1765 


28.57 


24.46 


-1.58 


>0.25 


1.9 fixed 


0.2-10 


PL 


1.55 




24 


0.8 


2304-0841 


0.0469 


28.59 


26.19 


-0.92 


302. 


1.71+0.02 


2-10 


PLC 


3.60 




27200 


1.0 



NOTE. — (1) the SDSS name given in the J2000 epoch RA and Dec form, HHMMSS.ssiDDMMSS.s: (2) rcdshift: (3) the logarithm of the rest- frame 2500 A monochromatic 
luminosity in units of orgs" 1 Hz" 1 ; (4) the logarithm of the rest-frame 2 keV monochromatic luminosity in units of ergs" 1 Hz" 1 ; (5) the UV-to-X-ray spectral index, 
c*ox; ( 6 ) thc unabsorbed flux in the observed 2-10 keV band in units of 10" 13 erg cm" 2 s" 1 ; (7) the spectral photon index, T; (8) the range of the spectral fit, in keV; 
(9) spectral-fit models: PL corresponds to a simple power-law model including Galactic absorption (i.e. "wabs pow" in XSPEC); APL refers to a intrinsically absorbed 
power-law model ("wabs zwabs pow)" in XSPEC), with thc column density of the intrinsic absorption given in column (11); PAPL refers to a partially absorbed power-law 
model ("wabs zpefabs pow)" in XSPEC); PLG refers to a power-law model with galactic absorption and a Gaussian Fc-Kct line ("wabs pow zgaus" in XSPEC); (10) Thc 
Galactic absorption at thc AGN position in units of 10 20 cm" 2 : (11) any intrinsic absorption in units of 10 20 cm" 2 : (12) the total counts (Chandra ACIS-S or XMM-Newton 
pn, except for SDSSJ 1134+4912, where thc XMM-Newton MOS counts arc given) in thc energy range given in column (8); (13) thc radio loudness, R = lo S (F 1 40Hz/ F i)- 



ious inner radii — 0", 4", 1.0", 1.5" , and 2" — and 
an outer radius of 3.4", excluding events from the core 
of the PSF in annuli #2 through #5, which are most 
affected by pile-up. The effective-area files used when 
modeling the annular spectra were corrected for the en- 
ergy dependence of the Chandra PSF. We fit the annular 
spectra with simple power-law models modified by Galac- 
tic absorption. The resulting 1-10 keV spectral slopes 
are T = 1.86 ± 0.08 (annulus #1), Y = 1.9 ± 0.1 (#2), 
r = 2.0 ±0.2 (#3), andT = 2.2 ±0.4 (#4), with no need 
for absorption above Galactic. The last annulus (#5) 
has very few photons resulting in a poorly constrained 
spectral index, V — 2 ± 1. Based on the spectral fit in 
annulus #4 (1.5-3.4") which is shown in Figure H3 we 
estimate the pile-up corrected T = 2.2 ±0.4. To estimate 
the fraction of events lost due to pile-up we used the for- 
ward spectral-fitting tool LYNX that simulates pile-up 
(Chartas ct al. 2000). LYNX simulates the propagation 
of individual photons through the Chandra mirrors and 
ACIS, and it takes into account the possible overlap of 
events within one frame time. We find that the pile-up 
fraction is ~ 20% in the 0.5-2 keV band (the pile-up cor- 
rected flux is 3.1 x 10~ 12 crgcm~ 2 s _1 ) and is negligible in 
the 2-10keVband (iViokcV = 3.8 x 10~ 12 ergcm~ 2 s" 1 ). 

3.2.3. SDSSJ 0918+5139 

SDSSJ 0918+5139 (z = 0.1854) was serendipitously 
observed by both Chandra and XMM-Newton (see Ta- 
ble0 as a result of its proximity (~6 arcmin) to a nearby 
cluster, Abell773 (z = 0.21). The XMM-Newton pn 
spectrum has 243 counts in the 2-11 keV band. A power- 
law fit with no intrinsic absorption above the Galactic 
value provides a marginally acceptable fit in the 2-11 keV 
band - X 2 /DoF w 1.5 for 15 DoF with r = 0.6 ± 0.2. 
The 2-11 keV fit can be improved by adding intrinsic ab- 
sorption - x 2 /DoF « 1.1 for UDoF, with r = 1.7 ±0.5 
and A^H.intr = (8 ± 4) x 10 22 cm -2 , but neither of these 
fits is acceptable over the full 0.4-11 keV XMM-Newton 
band (the best fit has \ 2 1 'DoF « 1.7, 21 DoF). A model 
with a partial absorber in addition to the Galactic one - 
r = 1.4 ± 0.3, AT H ,mtr = (5±1) X 10 22 cm" 2 , and a cover- 
ing fraction of / c = 0.92±0.05 - provides an acceptable fit 
in the 0.4-11 keV band: x /DoF w 1.0 for 20 DoF. Thc 



Chandra spectrum has only 102 counts in the 2-10 keV 
region and can be represented by a T = 1.5 ± 0.4 power 
law fit with no intrinsic absorption above the Galac- 
tic value ( X 2 /DoF « 1.1, 17 DoF). Thc full Chandra 
band (0.3-11 keV, 145 counts) requires an intrinsic ab- 
sorber (x 2 /DoF w 1.5 vs. x 2 /DoF w 1.1, 24 DoF) 
jV H ,intr = (1.3 ± 0.6) x 10 22 cm" 2 and has a slightly flat- 
ter spectral slope, T = 1.3 ± 0.4. The data suggests that 
thc intrinsic absorber has changed in the seven months 
separating the XMM-Newton and Chandra observations. 
In the following sections (§ 13.31 and § 13. 4|) we use the 
0.4-11 keV XMM-Newton results, which were obtained 
4.6 months after the optical spectrum, have better signal- 
to-noise, and more accurate fit parameters. 

The absorption corrected 2-10 keV fluxes are con- 
sistent between the two observations within the 
(90% confidence) errorbars: F 2 _iokoV = 2.0+q;4 x 
10- 13 ergcm~ 2 s~ 1 (Chandra), and F 2 _i 0k cV = 2.9^ x 
10 _13 ergcm~ 2 s _1 (XMM-Newton pn). In the soft 
band, the observed fluxes are F .5_2kcV = x 
10 -14 ergcm~ 2 s _1 (Chandra) and -Fb. 5 _2kcV = 0.9+^7 x 
10~ 14 crgcm~ 2 s _1 (XMM-Newton pn); the intrinsic ab- 
sorption correction could increase those by a factor of 3 
(Chandra) to 6 (XMM-Newton). 

3.2.4. SDSSJ 0938+0057 

SDSSJ 0938+0057 (z = 0.1704) has a 132 count detec- 
tion (0.3-10keV) in a 1.3ks Chandra observation. Thc 
spectrum is hard, implying high intrinsic obscuration 
and/or a flat power-law. If we fix the absorbing col- 
umn to the Galactic value, Nh = 4.2 x 10 20 cm -2 , a 
simple power-law fit in the 2-10 keV band (87 counts) re- 
turns r = 0.9 ± 0.4. Alternatively, assuming a standard 
power-law slope, L = 1.9 for RQ AGN, we infer an intrin- 
sic absorbing column of AH,intr = (6.4±2.3) x 10 22 cm~ 2 . 
Neither of these fits is applicable over the full 0.3-10 keV 
range: the required photon index drops to r — 0.1 ± 0.1 
if we assume no intrinsic absorption, which is unrealistic 
considering the uniformity of the power-law slopes mea- 
su red in RQ AGN (1. 9 ± 0.5, see, for example, Figure 6 
of iVignali et al.lf2005l and references therein), and the 
best r = 1.9 model including intrinsic absorption is in- 



11 



adequate (x 2 /DoF w 1.6, 24 DoF). The full 0.3-10 keV 
band spectrum can be represented by an intrinsically 
absorbed model with fixed T = 1.5 and an intrinsic 
absorbing column of iVnintr = (2.0 ± 0.4) x 10 22 cm -2 
(x 2 /DoF w 1.3, 24 DoF). For a simple intrinsically 
absorbed power law model, photon indices steeper than 
T = 1.5 are excluded. If we allow an intrinsic absorber 
with partial coverage, the intrinsic absorbing column in- 
creases iVf^intr = (5 ± 1) x 10 22 cm -2 , allowing a T = 1.8 
fit (x 2 /DoF ks 1.1, 24 DoF). Higher signal-to-noise data 
is necessary to distinguish between the flat photon in- 
dex, intrinsically absorbed model, and the steep photon 
index, partially absorbed model. 

We adopt the simpler 0.3-10 keV band T = 1.5 model 
fit (see Table and Figure EJ) and estimate the unab- 
sorbed fluxes in the hard and soft bands: F2-iokeV = 
1.312;? x 10- 12 ergcm- 2 s- 1 and F .5-2k e v = l-2±o^ x 
10~ 12 erg cm~ 2 s _1 . 

3.2.5. SDSSJ 1111+4820 

SDSSJ 1111+4820 (z = 0.2809) falls within the field 
of view of two XMM-Newton observations, one of which 
(Obs. ID 0059750401) is heavily affected by background 
flaring. We used the pn observation from June 2002 
(Obs. ID 0104861001), which has a much longer ef- 
fective exposure time, to extract and fit the 2-10 keV 
spectrum of SDSSJ 1111+4820. The results are given 
in Figure HO and in Table The 2-10 keV spectrum is 
well fit by a simple power law with Galactic absorption 
with r = 1.7 ± 0.2. If we extend this model to lower 
energies, the negative residuals below 2 keV could indi- 
cate the presence of intrinsic absorption. Excess intrin- 
sic absorption, however, is not required by the data: the 
0.5-10 keV spectrum also admits a power-law fit with a 
flatter photon index - T = 1.35 ± 0.07 - and no intrinsic 
absorption (x 2 /DoF = 1.2 for A&DoF). 

3.2.6. SDSSJ 1134+4912 

SDSSJ 1134+4912 (z = 0.1765) is situated less than 
10" from another, optically fainter, point-like object in 
the SDSS image (SDSS J113451.64+491200.8, with an r- 
band magnitude of 21.8). Both this fainter object and 
the double-peaked emitter of interest to us are detected 
separately in the XMM-Newton MOS images with simi- 
lar counts; the larger pixel size of the pn (4.1" for pn vs. 
1.1" for the MOS detectors) blends the two objects, with 
a centroid closer to the fainter MOS object. The ROSAT 
PSPC (PSF FWHM of -25" at 1 keV and an observed 
off-axis angle of ~ 9') or HPJ (with a 50% power radius 
of —9" for an off-axis angle of — 12') lack the angular- 
resolution to separate the two objects clearly and will 
not be considered here. The measured 0.5-2 keV flux 
of the double-peaked emitter is -Fo.5-2kcV = (2 ± 1) x 
10~ 14 ergcm~ 2 s~ x for a 6" aperture (MOS2). Using the 
EPIC MOS on-axis PSF (which does not change much 
for objects at an off-axis angle of 7' for energies <2keV), 
we estimate that the total flux of SDSSJ 1134+4912 is 
-Fo.5-2kcV ~ 3 x 10~ 14 ergcm~ 2 s _1 . On account of the 
proximity to the second source, the small aperture used 
for the flux estimate, and the small number of total 
counts, the X-ray flux and 2keV monochromatic lumi- 
nosity of this object are uncertain. Using the Cash statis- 
tic, we can obtain an acceptable fit to the MOS spectrum 



using a power-law model with T = 1.9 and an absorbing 
column density equal to the Galactic value. The high 
resolution of Chandra is necessary to measure the X-ray 
properties of this object properly. 

3.2.7. SDSSJ 2304- 0841 (MCG-2-58-22, Mrk926) 

SDSSJ 2304-0841 is a nearby (z = 0.0469) Seyfert 
galaxy that has been observed repeatedly with most cur- 
rent and past X-ray observatories (see Appendix^! . Fig- 
uro[6]shows the spe ctrum in the 0. 5 -220 k eV range, orig- 
inally published by iBianchi et alJ (j2QQ4 : ) , overlaid with 
a model consisting of an exponentially cutoff power- 
law, reflection from an isotropic ally illuminated cold 
slab (Magdziarz & Zdz iarsk3ll995fl . and a Gaussian Fe- 
Ka line. Our 2-220 keV XSPEC fits confirm their re- 
sults: the spectrum above 2 keV is well represented by 
an absorbed and Compton reflected power law with 
r = 1.76 + 0.04, absorption equal to the Galactic column 
density, a 6.4 keV Fe Ka line with EW = 60±|g keV and 
energy dispersion a = (120 ± 80) eV (corresponding to 
FWHMk 13000 km s^ 1 , comparable to that of the Ha 
line, FWHMw 1 1400 km s^ 1 ), and a soft excess below 
2keV. If we consider only the 2-10 keV region (see Ta- 
ble HJ, the power law fit with no intrinsic absorption and 
a Gaussian Fe Ka line has T = 1.71 ± 0.02, consistent 
with the value obtained above in the 0.5-220 keV range. 
Three previous spectra observed with ASC A obtained in 
1993 and 1997 ^Weaver et all 119951 12001|) show similar 
spectral shapes, with 1.71 < T < 1.84 and evidence for 
some intrinsic absorption (A^intr ~ 10 21 cm -2 ) in the 
two 1997 spectra. Judging from the relation between 
X-ray and optical variability, which is detailed in Ap- 
pendix El the presence of intrinsic absorption seems un- 
related to the shape of the Ha line. Both the 1993 and 
one of the 1997 spectra show clear Fe Ka li nes, whose pa- 
rameters de pend on the continuum model l)Weaver et alJ 
119951 l200l|) : the presence of a strong Fe Ka line also ap- 
pears unrelated to the single- or double-peaked shape of 
the optical Balmer lines (Appendix 0). 

3.3. UV-to-X-ray Slope 

The rest-frame UV and soft X-ray emission from 
AGN are correlated, with more luminous AGN emit- 
ting relatively less X-rays per unit UV luminosity (e.g., 
iStrateva et all 120051 iSteffen et all 12006. and refe renecs 
therein). Consequently a proper comparison of the X-ray 
emission of double-peaked emitters with those of normal 
AGN should take this relation into account. Figure [3 
shows the 2500 A vs. the 2 keV monochromatic luminosi- 
ties of the double-peaked emitters in compari son with 
thos e of RQ AGN from t he ISteffen et alJ <|2006l) sample. 
The ISteffen et al. (2006) sample includes 333 optically 
selected RQ AGN with a high X-ray detection fraction 
(88%), and no evidence of intrinsic absorption in the UV. 
Over half of the objects in the sample are SDSS AGN, 
directly comparable to the double-peaked emitters stud- 
ied here. The remaining objects allow us to extend the 
UV luminosity range of the comparison sample at each 
rcdshift. The RQ double-peaked emitters appear indis- 
tinguishable in Figure [7] from normal AGN with similar 
UV monochromatic luminosities. The majority of the 
RL double-peaked emitters show excess 2 keV emission, 
as is characteristic of all RL AGN (e.g., iWorrall et alJ 
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Fig. 6. — X-ray spectra and model fits of five main-sample double-peaked emission AGN: SDSSJ 0043+0051 (XMM-Newton pn spectrum, 
top left), SDSSJ 0057+1446 (Chandra spectrum of annulus #4, top right), SDSSJ 0918+5139 ( XMM-Newton pn spectrum, middle left), 
SDSSJ 0938+0057 (Chandra spectrum, middle right), SDSSJ 1111+4820 (XMM-Newton pn spectrum, bottom left), and SDSSJ 2304-0841 
(simultaneous XMM-Newton and Beppo-SAX data, bottom right). 



Figure |H1 shows the UV-to- X-ray slope, a ox , for the 
do uble-peaked emitter s in comparison with the sample 
of ISteffen et all (120061). The majori ty of double-peaked 
AGN follow the ISteffen et al.l l|2006j) ow^sooA relation, 
a ox (^25ooA) = — 0-137Z 2500j 4 + 2.638, and do not differ 
substantially from normal AGN with comparable lumi- 
nosity in the UV. Due to the small range of luminosi- 
ties probed at each redshift and the strong luminosity- 
redshift relation in the sample of double-peaked emit- 
ters, a partial-correlation analysis for the c^ox-^sooA re ~ 



lation (i.e., one that takes into account the ^500 k~ z rc ~ 
lation) is inconclusive. The strength of the CKox-^sooA 
partial correlation is only 2.3a with partial Kendall's 
T i2,3 = —0.24, which could indicate cither an inability of 
the partial-correlation analysis to detect a weaker a ox - 
l 2 5oo A anti-correlation on top of a strong / 2 50oA" z cor ~ 
relation (r 2 3 = 0.53), or a genuine lack of an ck ox -Z 2500 ^ 
relation. Since we know the ? 250 o k~ z correlation is very 
strong for our sample of double-peaked emitters, we be- 
lieve the former is more likely. 



13 




24 26 28 30 32 
lo g( L 25ooA[ en 3 s ~ 1 Hz ~ 1 ]) 

Fig. 7. — Rest-frame UV vs. X-ray monochromatic luminosi- 
ties of the main SDSS double-peaked sample (open triangles de- 
note RL AGN, solid triangl es denote RQ AGN, and large arrows 
denote X-ray limits), the ISteffen et alJ 120061) RQ AGN sample 
(dots and small arrows, indicating X-ray detections and upper lim- 
its, respectively), and the auxiliary double-peaked sample (open 
square s). The solid line is the best-fit bisector linear regression 
fromlSterf en et al. 12006); the dashed and dotted lines represent 
the fits minimizing the residuals in ordinate and the abscissa, re- 
spectively (see Steffen et al. 2006 for more details). The difference 
between the dashed and dotted lines can be used as an indication 
of the maximum uncertainly in the UV-X-ray relation. 
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Fig. 8. — Rest-frame UV monochromatic luminosity vs. a x- 
The symbols a re as in Figu re 171 The line is the best-fit linear 
regression from Steffen et al. (2006) with an extrapolation to lower 
luminosities given by the dotted line. 



The top-left panel of Figure [5] presents the histogram 
of a ox residuals for the RQ main sample of double- 
peaked emitters, obtained by subtracting the expected 
a x(^25ooA) from each observed a ox , in comparison with 
that of the full sample a nd a luminosity-ma tched sub- 
sample (^2500 A < 30) from lSteffen et afll)2006[K shown in 
the middle left panel of Figure The comparison with 
the luminosity-matched subsample is useful, as there are 



some indications that thetw-Z 2 5oo A relation might be 
non- linear <|Steffen et al.N2006|) . The Kaplan-Meier (K- 
M) estimator mean value of the a ox — c*ox(^250oa) resid- 
uals for the RQ main sample is (a ox — a O x(^2500 a)) = 
0.01 ± 0.04, consistent with zero, as is the equiva- 

-0.02 ±0.02, 



lent K-M estimate, (a .. 

for the luminositv-matched ISteffen et al.1 l)2006j) subsam- 
ple. Both the Gehan and the logrank tests (T = 1.0, 
P = 32% and T = 0.4, P = 72%) confirm that there 
is no significant difference in the cumulative distribu- 
tions of the RQ subsa mple of the main sample and 
the luminositv-matched ISteffen et al.l 11200 6) subsample. 
The conclusions rem ain unchanged if we include the full 
ISteffen et al.1 1|2006|) sample. Both a ox residual distribu- 
tions are consistent with being Gaussian, with a width 
of 0.17 ±0.04 for the RQ main sample and 14 ±0.01 for 
the luminosity-matched ISteffen et alJ 1)200 6) subsample 
and small positive means (0.07 ± 0.04 and 0.04 ± 0.01, 
respectively). The specific Gaussian parameters (espe- 
cially the distribution means) are slightly dependent on 
the size of the bins used and the fact that we ignore a 
small number of a ox limits when performing the Gaussian 
fits, but the fit parameters are generally within the la 
errors quoted above. In all cases the RQ double-peaked 
emitters tend to have a broader a ox residu al distribution 
than t he corresponding luminosity-matched Steffen et al. 
( 2006) subsample distribution, but the difference is at 
the ler level. If this result is confirmed in larger sam- 
ples, it could indicate larger X-ray and/or UV variability 
for the double-peaked emitters. Our current results indi- 
cate that the double-peak emitters as a class cannot have 
dramatically different variability properties than normal 
active galaxies of similar optical/UV luminosity. 

The left panel of FigureElshows that RL double-peaked 
emitters have a significantly different q o y distribution 
than R Q double-peaked emitters and the ISteffen et alJ 
(2006) (full and luminosity-matched) samples. Be- 
cau se of the diff e rence in censoring patterns between 
the ISteffen et al.l l)2006|) sample and the sample of RL 
double-peaked emitters, the Gehan and logrank tests, 
which assume no such difference exists, were not used 
in this comparison. A Peto & Prentice test confirms 
that the RL double-peaked emitters have a ox residuals 
which are substantially different from those of normal 
RQ AGN - T — 2.3, P = 2%. The stronger X-ray 
emission of RL double-peaked emitters in comparison to 
RQ AGN of similar UV luminosity is also clearly illus- 
trated in Figure |H1 where eight of the 1 1 RL double- 
peaked emitters with / 2 sooA > 27.5 (where the compari- 
son is strictly possible) have a ox values much flatter than 
typical RQ AGN. A Peto & Prentice test confirms that 
the a ox residuals of these 11 RL double-peaked emitters 
are significantly d i fferen t than those of the RQ AGN in 
the ISteffen et all ((2006) sample (T = 4.7, P < 1%). 
The average a ox residual for these 11 RL double-peaked 
emitters is 0.21; the median a ox residual is 0.27. Conse- 
quently, RL double-peaked emitters are on average ~ 4 x 
more X-ray luminous than their RQ counterparts, simi- 
lar t o the factor ~ 3 obs erved for RL AGN as a whole 
(e-g.- IWorrall et aLlll987h . 

It is instructive to compare the positions of the higher 
and lower luminosity RL do uble-peaked emitter s relative 
to the extrapolation of the Ste ffen et al.l <)2006[) relation 
from Figure 03 The higher luminosity RL objects tend 
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10" 5 '0- 4 0.001 0.01 0.1 
a ox- a ox( lo 9[ L 2500A]) l«S(lbo/l-cc) 
Fig. 9. — Left: Comparison between the a x — a ox(^ 2 5oo A^ res idual distributions for the RQ AGN from the main sample of double-peaked 
emitters (panel a, hatched), the Stcffcn ct al. (2006) sample (panel b, hatched), the luminosity-matched subsample of Stcffcri 
(panel b, solid), and the RL double-peaked emitters from both the main and auxiliary samples (panel c, hatched). The open histograms 
in each panel indicate the a x — q °x(^2500A) umn ^ s - Right: c*ox — a °x('2500A) res iduals vs. bolometric luminosity as a fraction of the 
Eddington luminosity for eight auxiliary sample RL double-peaked emitters. This plot includes objects whose black hole masses were 
obtained from stellar velocity dispersion measurements. 



to have flatter a ox values than expected for RQ objects 
with similar luminosities, while the LINER galaxies ap- 
pear to have steeper a ox values. This difference causes 
the apparently bimodal a ox -residual distribution for RL 
double-peak ed emitters shown in in th e bottom-left panel 
of Figure Lewis fc Eracleousl lj2006fl have obtained ac- 
curate black-hole mass measurements and estimated the 
bolometric luminosities of eight of the RL double-peaked 
emitters included in our study. The right panel of Fig- 
ure|5|shows the a ox residuals vs. the bolometric luminosi- 
ties of these eight sources as a fraction of the Eddington 
luminosity. The error bars in the a ox residuals include 
the uncertainty due to the intrinsic UV absorption cor- 
rection and a constant 10% error in both the 2500 A and 
2 keV monochromatic-luminosity measurements. It ig- 
nores the possibly large but unknown uncertainties due 
to the non-simultaneity of the UV and X-ray observa- 
tions. To estimate the uncertainty due to an intrinsic UV 
absorption correction from the inf erred X- r ay ab sorption 
(or its upper limit) we assume the lSeatonl l)1979l) extinc- 
tion law and a Galactic Nh/ Ay ratio. The uncertainties 
due to the UV absorption corrections are typically less 
than a factor of 3, except for Arp 102B, where it is a 
factor of 20. The correlation between a ox — Q: ox('250oa) 
and L/L-Edd is strong (partial Kendall's 712,3 = 0-71 or 
T i2,3 = 0.60) but significant only at the 3.0 a or 3.2 a level 
when controlling for the dependence of both variables 
on luminosity or redshift. This observation is consistent 
with our expectation of a different SED for AGN with 
low-radiative-efficiency accretion modes in comparison to 
the standard thin-disk and corona models attributed to 
h igher radiat i ve-effi ciency AGN. 

IWu fc Liul <|2004ft have used the FWHM and opti- 
cal monochromatic- luminosity measure ments of the S03 
and lEracleous fc Halpernl 1)1994 l2003|) samples to ob- 
tain rough estimates of the black-hole masses and ac- 



cretion rates as a fraction of the Eddingto n luminos- 
ity. E ven though the specific measurements of lWu fc LhJ 
(2004) are very uncertain (Lewis & Eracleous 2006 find 
that two of the four black-hole masses in common with 
their sample were overestimated by an order of mag- 
nitude), their general conclusions that double-peaked 
emitters have diverse acc retion rates were confirmed by 
iLewis fc Eracleo usl II2006D . It is therefore encouraging 
that IWu fc Lid l|2004D find a similar break (at L/L Ed d ~ 
0.001) in the a ox vs. L/L^dd relation (see their Figure 4) 
for all known RL double-peaked emitters. Considering 
the small number of objects (eight with accu rate black- 
hole mass measurements and a total of 26 in IWu fc LivJ 
120041) and the large uncertainties in a ox (caused by both 
variability and measurement errors) for low-luminosity 
AGN, as well as the strong third-variable dependences, 
these findings need confirmation in larger samples. 

3.4. X-ray Spectral Shapes 

Figure lTHI shows a comparison between the X-ray spec- 
tral slopes measured in the soft (0.1-2 keV, panels a and 
b) and hard (2-10 keV, panels c and d 9 ) bands for the 
double-peaked emitters with those for similar broad-line 
AGN which show no evidence of disk emission in the op- 
tical. The comparison samples of normal AGN were se- 
lected from Laor et al. (1997; FWHM H(3 > 2000 km s" 1 ), 
Walter & Fink (1993, FWHM H(3 > 2000 kms" 1 and 
X 2 /DoF < 1.1), Brinkmann et al. (1997), Piconcelli 
et al. (2005; FWHM H/3 > 2000kms~ 1 ), the Seyfert 1 
galaxies from Na ndra et al. (1997 ) , and the BLRG and 
RL quasars from iSambruna et al.1 Jl999). Only broad- 

9 As indicated in Table HI the hard- band fitting region was ex- 
tended for five of the main-sample double-peaked emitters to in- 
clude the soft band in order to increase the total photon counts to 
better model the intrinsic absorption. 
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Fig. 10. — The 0.1-2 keV (panels a and b) and 2—10 keV (panels c and d) power-law slopes of RQ (a and c) and RL (b and d) double-peaked 
emitters in comparison with other broad-line AGN. The 0.1-2keV power-law slopes were obtained using the standard ROSAT hardness 
ratio HR1, and the 2-10 keV power-law slopes were obtained through direct spectral fits. Arrows indicate upper limits on T (i.e., these 
AGN were not detected in the soft [0.1-0.41 keV] band). The two objects in the lower-right corner of panel d (PKS 2251+11 and 3C445) 
are known to have large intrinsic absorbing column densities of > 10 22 cm -2 . 



line AGN (FWHM H(3 > 2000 km s" 1 ) were selected for 
this comparison, since some Narrow-Line Seyfert Is are 
know n to have exceptionally steep X-ray spectral slopes 
(e.g., [Brandt fc Bollerl 11999). and their inclusion could 
bias the results. From Figure 1101 the X-ray spectral 
shapes of double-peaked emitters appear similar to those 
of normal AGN, except for the four RL double-peaked 
emitters in panel b. A one-dimensional K-S test con- 
firms this statement for the hard-band power-law slopes 
shown in Figure ITOH (D = 0.18, P = 98%). There are 
only three hard-band photon index measurements for RQ 
double-peaked emitters in Figure HUb ; consequently the 
K-S test results (D = 0.5, P = 26%) might not be ro- 
bust. A simple Student's i-test confirms that the means 
of the hard-band photon index distributions for the RQ 
double-peaked emitters and normal AGN are consistent, 



with t = 0.7 and P = 51%. 

The presence of photon-index upper limits in panels 
a and b of Figure requires the use of the logrank, 
Gehan, or Peto & Prentice comparison tests. Since the 
comparison samples do not have censored data, while 
the double-peaked emitters do, the Peto & Prentice test 
should give the cleanest results, as it is less vulnerable 
to different c ensoring distributions tha n the logrank or 
Gehan tests l|Feigelson fc Nelsonlll985() . According to a 
Peto & Prentice test, the four RL double-peaked emitters 
in Figure ITTib. with a K-M estimator mean of (r) = 1.3 
and a dispersion of a = 0.2 (compared to (r) = 2.22 and 
a = 0.04 for the normal AGN), are significantly different 
from the normal AGN (T = 4.8, P = 0%). As in the case 
for 3C 332 (see discussion below), this could be an indica- 
tion of the presence of intrinsic absorption. Alternatively, 
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it may signify weaker soft excess, which is expected for 
the lowest Eddington-ratio AGN (which might lack op- 
tically thick emission from the innermost parts of the 
accretion disk). According to a Peto & Prentice test, 
the soft-band photon indices of the 15 double-peaked 
emitters in Figure lTIlk are significantly different from the 
comparison AGN (T = 2.4, P = 2%). The evidence for 
this difference is however very weak, relying on the two 
double-peaked emitters with the flattest values of T, both 
of which are limits. If these two double-peaked emitters 
are removed from the comparison, the Peto & Prentice 
test gives a 8% probability that the remaining double- 
peaked emitters are indistinguishable from the normal 
AGN. 

The estimates of the spectral shapes in the ROSAT 
band, which are based on hardness ratios, depend sensi- 
tively on the assumption that the double-peaked emitters 
have no intrinsic absorption above the Galactic values. 
As reported in § 13.21 we saw no evidence of intrinsic ab- 
sorption in four of the seven main-sample double-peaked 
emitters. The remaining three cases (SDSSJ 918+5139, 
SDSS J 0938+0057, and SDSSJ 1111+4820 ) show good 
evidence of intrinsic absorption, but the A^H,intr estimates 
are not robust, owing to the small number of counts 
available and the degeneracy between intrinsic absorp- 
tion and spectral index in these cases. The prototype 
double-peaked emitter Arp 102B, has a confirmed intrin- 
sic absorbingcc^umn^Qjrh/alent to A^intr = (2.8+0.3) x 
10 21 cm -2 ijEracleous et alJ 20031. In fact, significant in- 
trinsic neutral absorbing columns are a general charac- 
terist ic of nearby BLRG (see Figure 6 of [Samb runa et aLl 
1999). It is therefore plausible that the very hard power- 
law slope estimates obtained for some double-peaked 
emitters from the observed hardness ratios are a result 
of intrinsic absorption that was not taken into account. 
For example, SDSSJ 1617+3222 (3C332), one of the six 
double-peaked emitters with power-law slope upper lim- 
its, has HR1> 0.6, which, for a Galactic obscuration 
of N H = 2 x 10 20 cm- 2 corresponds to T < 1.2. The 
3C332 ROSAT observati on was previously studied by 
ICrawford fc Fabianl l|1994f) . who conclude that the hard 
spectral slope obtained by assuming Galactic absorption 
is probably an in dication of an intrin s ic abs orber. As- 
suming r = 1.8, iGrawford & Fabianl l) 19941) derive an 
obscuring column of A^n.intr ~ 1 x 10 21 cm -2 . The UV- 
to-X-ray spectral-index of 3C332 is a ox — —1.53, while 
the value expected for a RL AGN with comparable UV 
monochromatic luminosity is ra — 1.15 , indicative of 
weaker X-ray emission than expected and suggestive of 
intrinsic absorption. 

There are a total of four double-peaked emit- 
ters in panels a and b of Figure 1101 with lower 
ro.i-2kcV than expected, two RL AGN (3C332 and 
SDSSJ 0921+4538) with r i- 2 kcV < 1.5, and two RQ 
AGN (SDSSJ 1101+5122 and SDSSJ 1150+0208) with 
ro.i-2kcV upper limits (< 1.6). The two RQ double- 
peaked emitters with low ro.i-2kcV uppe r limits have 
aw va lues consistent within 0.05 with the Stcffcn et al. 
( 2006) ctox-^2500 A relation (indicating no intrinsic absorp- 
tion), while SDSSJ 0921+4538 has a ox = -0.9, with an 

Assuming that RL AGN are on the average three times 
brighter at 2 keV than RQ AGN with comparable UV monochro- 
matic luminosity. 



expected value of a ox = —1.08 (indicating ~ 3x stronger 
X-ray emission than expected and no intrinsic absorp- 
tion). Taking into account the fact that three of the 
four double-peaked emitters with lower than expected 
ro.i-2kcV upper limits have small numbers of counts and 
only 0.5-2 keV-band detections, and tha t the observed 
scatt er in the a x-^25ooA relation (~ O.ll. lStrateva et all 
|2005|) . we consider the above results, with the exception 
of those for 3C332, to be inconclusive. Longer obser- 
vations are necessary to measure accurately the power- 
law slopes and intrinsic absorption columns for double- 
peaked emitters with unusually low spectral index esti- 
mates in the 0.1-2 keV band. 

4. ENERGY BUDGET 

Using the inner and outer (£ 2 ) radii of the Ha 
emission region we can estimate the amount of energy 
available locally in the disk due to viscous stresses and 
compare it to the luminosity of the Ha line. An Ha- 
line luminosity of 10-20% or more of the locally avail- 
able energy suggests the need for a n external source of 
illumi nation. Assuming a standard [ghakura fc Sunvaevl 
1119731) disk. iChen. Halpern. k Filippenkd l)1989ft and 
lEracleous fc Halpcrn (1994) estimate the gravitational 
power output of the line emitting disk annulus: 



Wdi«k(fi,6) =7.7x 10 i3 L XA2 x 




where Lxa2 is the 0.5-2 keV X-ray luminosity in units of 
10 42 ergs _1 , and we assume for the bolometric luminos- 
ity, Xboi, Lx/L\y \ ra 0.1 and, for an accretion rate M, 
Lbol — C,M<r ■ with the efficiency for conversion of energy 
into radiation £ ra 0.1. The Ha-line luminosities together 
with Lx,42 are listed in Tabled Since only six objects 
admit axisymmetric-disk profile fits, and only these allow 
unique estimates of the emitting region, we have no di- 
rect measurements of £i and £ 2 for each AGN in the main 
sample. We do know that the main sample studied here 
is representative of the S03 sample and that most circular 
or elliptical double-peaked emitters have inner-emission 
radii of 200 R G < £i < 1000 Rq and outer-emission 
radii of 1000 Rq < & < 10000 i? G . SDSSJ 0942+0900 
l|Wang et all 12005). is an exception, with robust inner 
radius estimates £i ra 80 — 100 Ra- Based on both obser- 
vational (as noted above) and theoretical (the tempera- 
ture of the disk increases for small £ and will likely ionize 
all hydrogen, preventing Ha-line emission) arguments, it 
is safe to state that £i > 80 Rq for all known Balmer-line 
double-peaked emitters. For the average double-peaked 
emitter st udied by S03, Strateva et al. (2006, in prepara- 
tion) and lEracleous & Halnernl <|2003ft find fi ra 450 R G 
and £ 2 ~ 3000 R G . 

Using the general sample constraints on £i and £2 
given above, we can now estimate Wdisk from eqn. ^ 
for the 23 double-peaked emitters without axisymmetric- 
disk fits. Figure ITT1 shows the results assuming a typi- 
cal double-peaked emitter with £1 ra 450 Rq and £ 2 ra 
3000 R G for each of the 23 objects (i.e., W disk ra 0.12 x 
10 42 Lx,42ergs" 1 ). Only two of the 29 (~ 7%) double- 
peaked emitters would generate enough power locally 
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Fig. 11. — Rest-frame UV monochromatic luminosity vs. the 
ratio of the Ha line luminosity (Lg a ) and the power available 
locally in the accretion disk (Wdisk)- Open (filled) symbols indicate 
RL (RQ) AGN, arrows indicate the three upper limits. The larger 
symbols of each type denote the six AGN with direct estimates 
of the Ha-emission region and Wdi s k from circular disk fits; the 
smaller symbols indicate Wd; s k estimates which assume typical 
inner and outer emission radii, £i ss 450 Rq and £2 ~ 3000 Rq- 
The dotted lines denote ^Ha/Wdisk = an d 20%, while the 

solid line indicates Ljj q = W^disk- Note that in 16 of the 29 cases 
Ljj q > Wdisk> i e. local viscous dissipation in the disk cannot 
power the Ho line emission even in principle. 



to produce Ha lines of the observed strength (assum- 
ing that as much as 20% of the power were radiated 
in the Ha line). Under the above assumptions for the 
extent of the emission region, the Ha line luminosity 
in fact exceeds the power produced locally in the disk 
in 16 of the 29 cases. Even if all double-peaked emit- 
ters without axisymmctric-disk fits had £ rj 80 Rq (and 
(2 > 1000 Ra), Wdi sk < 0.77 x lO^Lx^ergs" 1 ; i.e., at 
most 13 out of the 29 (~ 45%) have enough energy gener- 
ated locally to produce Ha lines of the observed strength. 
We conclude that the majority of double-peaked emitters 
require external illumination of the disk to account for 
the strength of the observed Ha line emission. 

5. SUMMARY AND CONCLUSIONS 

We have studied the X-ray emission properties of 39 
AGN with double-peaked Ha lines, serendipitously ob- 
served by ROSAT, XMM-Newton, and Chandra, control- 
ling for their UV and radio emission. The main sample 
consists of 29 objects selected from the SDSS which are 
representative of the sample of double-peaked emitters 
studied by S03. The remaining 10 objects (the auxil- 
iary sample) are the best-studied double-peaked emitters 
(eight low optical-luminosity BLRG and LINER galax- 
ies, and two RL quasars) with targeted and serendipitous 
X-ray observations. The total sample includes 16 RL and 
23 RQ double-peaked emitters. 

Based on a comparison of the UV-to-X-ray index, a ox , 
we find that RQ double-peaked emitters as a class have 
comparable X-ray emission levels to those of normal RQ 
AGN of similar UV luminosity. RL double-peaked emit- 
ters tend to be brighter in the X-ray band in comparison 



with similar-luminosity normal RQ AGN, as observed for 
RL AGN in general. The 0.5-10 keV spectral shapes of 
the double-peaked emitters studied here are consistent 
with those of normal broad-line AGN with similar radio- 
loudncss, with the possible exception of four RL double- 
peaked emitters with unusually flat soft-band spectra. 
Three double-peaked emitters observed above 2 keV show 
signs of large intrinsic absorption (-/Vn.intr > 10 22 cm~ 2 
in two of the three cases). 

The majority of the double-peaked emitters require ex- 
ternal illumination of the accretion disk, as the power 
generated locally is insufficient to produce lines of the 
observed strength. This result is more general and was 
used as an argument against the accretion-disk origin of 
broa d emission lines in AGN, irr espective of their profiles 
fe.g.. lCollm -Souffri n et aH ll9801. For AGN in which the 
Balmer-lines are double-peaked, this external illumina- 
tion could be associated with an elevated structure in 
the inner disk (e.g., an X-ray emitting corona, jet, or 
vertically extended torus). However, the fact that the 
X-ray emission of double-peaked emitters as a class does 
not differ from that of normal AGN with similar prop- 
erties, suggests that a peculiarity of the X-ray emission 
structure and/or mechanism is not responsible for the 
occurrence of double-peaked Balmer lines in AGN. De- 
spite the importance of X-ray illumination for the major- 
ity of double-peaked emitters, the strength of the X-ray 
emission relative to the optical and UV emission cannot 
be used to predict if the broad, low-ionization lines are 
double-peaked. By extension, the structure of the inner 
disk is unlikely to be the only (or the dominant) reason 
for the observed double-peaked profiles. 

Given the fact that double-peaked emitters as a class 
appear indistinguishable in their X-ray properties from 
normal AGN, the best course for the future might be 
to study in detail extreme cases of double-peaked emit- 
ters. Our upcoming Chandra observations, for example, 
include one of the most luminous known double-peaked 
emitters - an AGN with a double-peaked Mg II line. In 
addition, we hope to obtain high-quality hard-band X- 
ray observations of the broadest double-peaked Ha-line 
emitters, for which the emission region of the disk is likely 
to be in the immediate vicinity or even coincident with 
the X-ray emitting structure. 
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(obtained in 1997 and 2001), the dashed arrows indicate three op- 
tical spectra with single-peake d lines ( obtained i n 1978, 1989, and 
1993; iDurret fc BergeronlH98S IMarziani et al.ll200ll lArgote eTahl 



University, Case Western Reserve University, University 
of Chicago, Drcxel University, Fermilab, the Institute 
for Advanced Study, the Japan Participation Group, 
Johns Hopkins University, the Joint Institute for Nu- 
clear Astrophysics, the Kavli Institute for Particle Astro- 
physics and Cosmology, the Korean Scientist Group, the 
Chinese Academy of Sciences (LAMOST), Los Alamos 
National Laboratory, the Max-Planck-Institute for As- 
tronomy (MPA), the Max-Planck- Institute for Astro- 
physics (MPIA), New Mexico State University, Ohio 
State University, University of Pittsburgh, University 
of Portsmouth, Princeton University, the United States 
Naval Observatory, and the University of Washington. 

This research has made use of the Tartarus (Version 
3.1) database, created by Paul O'Neill and Kirpal Nan- 
dra at Imperial College London, and Jane Turner at 
NASA/GSFC. Tartarus is supported by funding from 
PPARC, and NASA grants NAG5-7385 and NAG5-7067. 
This research has made use of the NASA/IPAC Extra- 
galactic Database (NED) which is operated by the Jet 
Propulsion Laboratory, California Institute of Technol- 
ogy, under contract with the National Aeronautics and 
Space Administration. 



APPENDIX 

THE X-RAY AND OPTICAL VARIABILITY OF SDSSJ 2304-0841 

SDSSJ 2304— 0841 is highly variable on long timescales (6-20 years). iChoi et al] l)2002ft cite evidence of secular 
changes in flux accompanied by strong 1 shorter lived (~l -2 years) flares 11 . Figure 1121 shows the 2-10 keV band vari- 
ability (following closely 12 Figure 1 of IChoi et all (J2002)) with arrows indicating whether the Ha-line profiles were 
single or double-peaked. The 2002 optical SDSS observation shows compl e x Ha and H/3 line profiles with at least 
two peaks and an extended red tail. A 1997 observation by lArgote e t alJ (l2 001f) shows si mple double-peaked pro- 
file s for both Balmer lines, while a May 1993 observation of H/3 bv iMarziani et alJ l)2003|) and a 1989 observation 
by lArgote et alJ l|200lD show simple single-peaked pro files characteristic of norm al AGN. The earliest known optical 
spectrum of SDSSJ 2304— 0841 was taken in 1978 bv IDurret fc Bergeron! l|1988l) : judging by the spectrum in that 
paper the H/3 line was si ngle peaked . The 1997 observation of a double-peaked Ha line coincides with one of the 
X-ray flares identifie d bv IChoi et alJ <l2002t) . while the three observations of single-peaked Ha lines are in non-flare 
regions according to IChoi et alJ 1)20021) : we have no X-ray data coincident with the SDSS double-peaked profile (the 
XMM-Newton/ BeppoS AX data were taken one year before the SDSS optical spectrum). From FigurelT2lit is tempting 
to conclude that the occurrence of disk emission in the optical is unrelated to flares in the X-ray flux. This result, 
however, is highly uncertain, considering the sparse sampling time, the different X-ray bands observed, and the (signif- 
icant) uncertainties of instrument cross-calibration. What is obvious from Figure IT2l is that the appearance of optical 
double-peaked lines in not predominantly associated with either low- or high- X-ray-flux states. The X-ray spectral 
analysis presented in § 13. 2. 71 further suggests that the appearance of optical double-peaked lines is not correlated with 
the steepness of the hard-band spectrum or the presence of a strong Fe Ka line. 
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